Previous studies suggested that endoplasmic reticulum (ER) stress-associated apoptosis plays an important role in the pathogenesis of ischemic heart disease. Gene transfer of sarco/endoplasmic reticulum Ca 2+ ATPase 2a (SERCA2a) attenuates myocardial apoptosis in a variety of heart failure models. This study is to investigate the effects of SERCA2a gene delivery on the myocardial apoptosis and ER stress pathway in a porcine ischemic heart disease model. Eighteen pigs were either subjected to ameroid implantation in the coronary artery or sham operation. Eight wks after gene delivery, the protein level and activity of SERCA2a were measured. Myocardial apoptosis was determined using terminal deoxynucleotidyl transferase-mediated DNA nick-end labeling assay. Regional myocardial perfusion and function were evaluated by 99m Tc-sestamibi ( 99m Tc-MIBI) single photon emission computed tomography and echocardiography. The ER stress signaling was assessed by Western blot. SERCA2a protein level and activity were significantly decreased in the ischemic myocardium and restored to normal after SERCA2a gene transfer. Restoration of SERCA2a expression significantly improved the cardiac function, although no improvement of regional myocardial perfusion was detected. Restoration of SERCA2a significantly attenuated myocardial apoptosis and reversed the activation of unfolded protein response (UPR) pathway and the ER stress-associated apoptosis pathways. These findings demonstrate a robust role of SERCA2a in attenuation of ischemic myocardial apoptosis, correlating with reverse activation of the ER stress-associated apoptosis pathways, suggesting that the beneficial effects of SERCA2a gene transfer may involve the attenuation of ER stress-associated myocardial apoptosis.
INTRODUCTION
Chronic myocardial ischemia has become the leading cause of heart failure. In China, more than half of the patients with heart failure also have coronary artery heart disease (1). These patients suffer from ischemic heart disease (IHD), which leads to the further deterioration of cardiac function. The pathogenesis of IHD is a chronic and complex process, which may involve abnormalities in energy metabolism, altered expression or function of contractile proteins, ventricular remodeling and myocardial apoptosis (2) . Growing evidence suggests that a defect of myocardial Ca 2+ transport system with cytosolic Ca 2+ overload is a major contributor to ischemic myocardial injury (3) . Sarco/endoplasmic reticulum Ca
2+
ATPase 2a (SERCA2a), which is primarily responsible for sarcoplasmic reticulum Ca 2+ uptake, was reported to be decreased in protein level or activity in the ischemic myocardium in various animals and humans (4) (5) (6) (7) . Additionally, vectormediated gene transfer to increase SERCA2a expression or the use of transgenic animals with SERCA2a overexpression have clearly established the potential beneficial effects in ischemic heart, and thus promoted the field of potential SERCA2a gene therapy in IHD (8) (9) (10) (11) . Recently, evidence from our group and others suggests that the beneficial effects of SERCA2a gene transfer to animals with heart failure may involve a decrease of myocardial apoptosis (12, 13) . However, the exact mechanisms are still not clear. Endoplasmic reticulum (ER) is recognized as an organelle that participates in the folding of secretory and membrane proteins (14) . Recent evidence suggests that another important function of the ER is apoptotic regulation (15) (16) (17) . Various stimuli, such as disturbance of Ca 2+ homeostasis, ischemia, hypoxia, exposure to free radicals, oxidative stress, elevated protein synthesis and gene mutation-all of which can potentially cause
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Wei Xin, 1 ER dysfunction-are designated as ER stress (14, 17, 18) . To prevent deleterious effects of ER stress, cells have various protective strategies such as the unfolded protein response (UPR) through the mediation of ER transmembrane receptors: protein kinase R-like ER kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring enzyme (IRE) (19) . These transmembrane receptors are maintained in an inactive state by glucoseregulated protein 78 (GRP78). However, if the stress cannot be resolved, signaling switches from prosurvival to proapoptotic through the mediation of downstream molecules such as CCAAT/ enhancer binding protein homology protein (CHOP), c-Jun N-terminal kinases (JNK) and caspase-12 (20) (21) (22) . Accumulating evidences have demonstrated that apoptosis initiated by excessive ER stress is involved in the ischemic injury of cardiomyocytes in vitro and pathogenesis of IHD in vivo (23) (24) (25) .
Early observations showed that alteration of sarcoplasmic reticulum/ER Ca 2+ levels below functional acceptable limits enhances the ER stress, and SERCA2 expression and activity could be induced during ER stress in cardiomyocytes and other cells, suggesting a potential role of SERCA2a protein in ER stress (26) (27) (28) . Because the major function of SERCA2a is to replenish the sarcoplasmic reticulum Ca 2+ load during the contraction-relaxation cycle of the heart (29), which is fundamental to the ER function of protein folding, we hypothesized that restoration of SERCA2a expression by recombinant adeno-associated virus 1 (rAAV1)-mediated gene delivery could maintain the ER function and attenuate ER stress-associated myocardial apoptosis in an IHD pig model. The effects of SERCA2a gene transfer on regional myocardial function and perfusion were also investigated.
MATERIALS AND METHODS

Construction and Production of rAAV1 Vectors
The rAAV1 vectors carrying human SERCA2a or the enhanced green fluorescent protein (EGFP) reporter gene were constructed and produced by AGTC Gene Technology Company (Beijing, China). In each vector, gene expression was under control of the cytomegalovirus promoter and polyadenylation signal provided by simian virus 40. The vector preparations used in this study were diluted to titers of 1 × 10 12 vector genomes (v.g.)/mL in phosphate buffered saline (PBS, pH 7.4) and were stored at 4°C.
Animal Experiment and Gene Delivery
Eighteen purebred male pigs (Animal Experimental Center of Chinese PLA General Hospital, Beijing, China), weighing 24.5-28.5 kg, 3 months of age, were housed at the institution for a minimum of 1 wk before use. Standard swine food was used for feeding. The animals were randomized into three groups. Four normal pigs underwent sham operation and served as the control group. The remaining 14 pigs served as 2 viral-administered groups and underwent ameroid constrictor implantation around the proximal of left anterior descending (LAD) coronary artery and received intramyocardial viral injection 4 wks later.
Ameroid-induced progressive coronary occlusion was performed as described previously (30) . Briefly, initial sedation was achieved with intramuscularly ketamine hydrochloride (20 mg/kg), diazepam (0.05 mg/kg) and atropine (0.05 mg/kg). An ear vein was then cannulated for administration of an infusion of pentobarbital as needed to maintain anesthesia. The mini-pig was intubated and ventilated. A left lateral thoracotomy was performed through the fifth intercostal space. After opening the pericardium, an ameroid constrictor (2.5 mm, Research Instruments, Lebanon, OR, USA) was implanted around the proximal LAD for the viral-administered groups, but was not for the control group. Chronic myocardial ischemia was induced by progressive coronary artery occlusion with ameroid coronary constriction. The chest was closed after a stable position of the constrictor was confirmed. 
Echocardiographic Assessment of Regional Myocardial Function
The same zones for each animal were analyzed by echocardiography at baseline, 4 wks and 12 wks after ameroid implantation. The pigs were sedated and placed in the left lateral decubitus position, and standard two-dimensional and M-mode transthoracic images were obtained with a Vivid 7 Dimension echocardiographic machine (GE Healthcare, Waukesha, WI, USA) and a 1.5-to 4.0-MHz frequency transthoracic transducer. From the right parasternal approach, short-axis, midpapillary views were obtained at rest for 3 min. Regional wall thickening, myocardial contractile function and wall motion were determined by a single experienced investigator in a blinded fashion. These images and parameters were recorded for subsequent review and analysis.
Measurement of Serum Brain Natriuretic Peptide Concentration
A blood sample was collected from each animal and put into plastic tubes containing anticoagulant (1:9, 0.129 mol/L trisodium citrate) at baseline, 4 wks and 12 wks after ameroid implantation. The citrated blood was immediately centrifuged at 1,760g for 10 min at room temperature to obtain plasma. The serum brain natriuretic peptide (BNP) concentrations were assayed using radioimmunoassay kits (Radioimmunity Institute, Chinese PLA General Hospital, Beijing, China) according to the procedure described by the manufacturer.
SERCA2a Activity Measurements
To investigate the effects of rAAV1-SERCA2a treatment on myocardial SERCA2a activity, proteins were extracted and quantified as previously described from heart tissue samples taken from the region of the left ventricular around the previously marked sites 8 wks after viral administration. Tissues in the same areas were taken in the control group for subsequent analysis (31). SERCA2a activity was measured using a Ca 2+ -ATPase assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. SERCA2a activity was normalized to protein concentration.
TUNEL and Immunohistochemistry Staining
Heart tissue samples were taken from the region of the left ventricle around the previously marked sites 8 wks after viral administration and cut into 4-μm-thick sections. Tissues in the same areas are taken in the control group. Some sections were stained with hematoxylin and eosin. Some sections were used for apoptotic assessment with a terminal deoxynucleotidyl transferase (TDT)-mediated DNA nick-end labeling (TUNEL) assay. Some sections were used for immunohistochemistry staining with GRP78 antibody.
Assessment for apoptosis was conducted using a commercially available TUNEL assay kit (Promega, Madison, WI, USA). Briefly, sections were deparaffinized, digested with proteinase K (20 mg/mL) at room temperature for 15 min and soaked in PBS for 5 min. Each section was covered with a TDT enzyme solution and incubated for 1 h at 37°C in a humidified chamber. The sections were immersed in stop buffer to terminate the enzymatic reaction and then gently rinsed with PBS. Streptavidin-horseradish peroxidase solution was applied to each section and then incubated at room temperature for 30 min in the darkness. Slides were washed in PBS and exposed to 3,3-diaminobenzidine (Golden Bridge Biotechnology, Beijing, China) for 5-7 min. The slides were then rinsed in water and counterstained with hematoxylin. The number of TUNEL-positive cells was counted in 10 randomly selected fields (400× magnifications) for each animal under ocular micrometers (Olympus Optical, Tokyo, Japan) by a blinded investigator without knowledge of groups.
The tissue expression of GRP78 was assessed immunohistochemically using an antibody (Santa Cruz, CA, USA). After deparaffinization, endogenous peroxidase activity was quenched with 30% methanol and 0.3% hydrogen PBS. The slides were then boiled in citrate buffer with microwaves. After blocking nonspecific binding with 5% BSA, the slides were incubated with primary antibodies overnight at 4°C (dilutions for anti-GRP78 1:400). The following day, the sections were thoroughly washed in PBS and incubated with a peroxidase-conjugated polymer that carries antibodies to goat (1:200) immunoglobulin (Golden Bridge Biotechnology) for 30 min. After rinsing with PBS, the sections were exposed to 3,3-diaminobenzidine for 7 min. The slides were rinsed in water and counterstained with hematoxylin. The sections were examined using light microscopy and analyzed with a computer-assisted color image analysis system (ImageProPlus 7.0, Media Cybernetics, MD, USA). The positive areas were assessed in at least 16 randomly selected tissue sections from each group studied.
Western Blotting
All five samples were taken from the ischemic heart region around the previously marked sites in one pig 8 wks after vector administration, and tissues in the same areas were taken in the control group for protein analysis. To investigate the effects of rAAV1-SERCA2a treatment on myocardial tissue protein expression, proteins were extracted, quantified and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (31) . Blots were incubated with primary antibodies: anti-SERCA2a and anti-phospho-IRE1α (SER 724) (from Abcam, Cambridge, MA, USA) and anti-Bip/GFP78, anti-XBP1, antiphospho PERK (Thr 981), anti-ATF6α, anti-phospho eIF2α (Ser 52), anti-PERK, anti-IRE1α, anti-CREB-2, anti-GADD 153, anti-caspase-12, anti-JNK, anti-phospho JNK (Thr183/Tyr185), anti-caspase-9, anti-Bcl-2, anti-Bax and anti-β-actin (all from Santa Cruz, CA, USA). The intensities of the various protein bands were quantified by densitometry.
Statistical Analysis
Data were expressed as the mean ± SEM. Comparisons of parameters were performed by one-way analysis of variance, followed by the Newman-Keuls test for unpaired data. Comparisons of parameters between two groups were made by unpaired Student t test. P values of <0.05 were regarded as statistically significant.
RESULTS
Overall Assessment
Of the 18 pigs in the study, 16 (control group, n = 4; IHD+EGFP group, n = 6; IHD+SERCA2a, n = 6) survived throughout the study, without any clinical signs of toxicity; 2 pigs died during the experimental surgery (1 died of ventricular fibrillation and the other died of uncontrollable hemorrhage caused by vessel injury during the procedure). The two viral administered groups (ameroid constriction of LAD coronary artery) exhibited evidence of chronic myocardial ischemia, as demonstrated by (a) a fixed defect in the LAD coronary artery zone of the 99m Tc-MIBI SPECT images; (b) a thinned, akinetic region of the left ventricular and decreased cardiac systolic and diastolic function during echocardiography; and (c) myocardial fibrosis and extensive focal coalescent areas of ischemic cardiomyocyte degeneration, in the hematoxylin and eosin staining of ischemic myocardial tissue.
SERCA2a Gene Delivery Restores the Expression and Activity of SERCA2a Proteins
The in vivo expression and activity of SERCA2a proteins were significantly decreased in the IHD+EGFP group compared with the control group. However, there were no significant differences in SERCA2a protein expression or activities between the control and IHD+SERCA2a group ( Figure 1A, B) . These results indicate that rAAV1-mediated SERCA2a gene delivery restores both the expression and activities of SERCA2a proteins in myocardial tissue.
rAAV1-SERCA2a Attenuates Apoptosis in Ischemic Myocardium
Apoptosis of myocardial cells was evaluated by TUNEL staining assay 8 wks after the viral transduction (Figure 2A, C) . The SERCA2a gene, transferred to ischemic myocardium, attenuates the apoptosis of ischemic myocardium compared with the IHD+EGFP group, although the number of apoptotic myocardial cells is still greater in the IHD+SERCA2a group than in the control group.
Effects of rAAV1-SERCA2a Delivery on Myocardial Perfusion
The 99m Tc-MIBI SPECT image data were used to display the myocardial perfusion and the severity of myocardial ischemia. The control group for myocardial perfusion in sham-operated pigs exhibited no detectable defect ( Figure 3A ). In the two viral transduced groups, SPECT images obtained at 4 wks after ameroid implantation displayed similar myocardial perfusion with a characteristic perfusion defect, mainly at apical, anterior and some septal regions. At 8 wks after viral administration, no significant improvement of myocardial perfusion could be detected in IHD+EGFP or IHD+SERCA2a groups ( Figure 3B, C) . Together, these data indicate that rAAV1-SERCA2a treatment has no obvious effect on myocardial blood perfusion after chronic myocardial ischemia.
Effects of rAAV1-SERCA2a Delivery on Myocardial Function and Serum BNP Levels
The effects of rAAV1-SERCA2a delivery on the myocardial function were examined by echocardiography. Cardiac systolic and diastolic function, regional wall motion and ventricular wall thickness were reduced 4 wks after ameroid implantation in the two viral administration groups compared with the control group ( Figure 4A-F) .
In contrast, by 8 wks after vector administration (12 wks after ameroid implantation), the increase of left ventricular ejection fraction and the ratio between early and atrial peak filling velocities (Ev/Av) were found in the IHD+SERCA2a group compared with the IHD+EGFP group, indicating improvement in both systolic and diastolic myocardial function ( Figure 4A, B) . The regional wall motion, verified by the anterior lateral wall systolic thickening fraction and the interventricular septal systolic thickening fraction, showed further improvement in the IHD+SERCA2a group than in the IHD+EGFP group (Figure 4C, D) . The septal and anterior lateral wall diastolic thickness, according to anterior lateral wall diastolic thickness and interventricular septal diastolic thickness, were increased in the IHD+SERCA2a group (Figure 4E, F) . These results demonstrate that rAAV1-SERCA2a transfer results in enormous improvement of cardiac function and wall motion and a significant increase in wall thickness. Serum levels of BNP, a biomarker of cardiac dysfunction, were also found to increase significantly 4 wks after ameroid implantation in the two viral administration groups compared with the control group ( Figure 4G) . However, by 8 wk after vector administration, serum BNP levels were significantly reduced in the IHD+SERCA2a group, paralleling an improvement of cardiac function compared with the IHD+EGFP group.
Effects of rAAV1-SERCA2a Delivery on ER Stress Pathways
The effects of rAAV1-SERCA2a delivery on the UPR pathway and ER stress-related apoptosis pathways were examined. Western blot and immunohistochemistry staining results showed that the levels of the ER chaperones GRP78 and the components of the three arms of UPR pathway, such as ATF6α (50 kDa), phospho-IRE1α XBP1, phospho-PERK, phospho-eIFα and ATF4 were significantly increased in the IHD+EGFP group compared with the control group (Figure 2B, D; Figure 5) . Moreover, the expressions of ER stress-related apoptotic proteins, including CHOP, cleaved caspase-12 and phospho-JNKs, were also enhanced in the IHD+EGFP group compared with the control group ( Figure 6 ). However, changes of the above proteins were all reversed in the IHD+SERCA2a groups. Taken together, these results suggest that restoration of SERCA2a protein levels by rAAV1-SERCA2a treatment reverses the activation of UPR signals and ER stress-related apoptosis pathways in the ischemic myocardial tissue.
DISCUSSION
In the present study, with a porcine IHD model induced by chronic occlusion of LAD coronary artery, we found that the protein level and activity of SERCA2a in the ischemic myocardium was decreased. Furthermore, restoration of SERCA2a expression by intramyocardial rAAV1-SERCA2a gene delivery improved regional myocardial function and cardiac systolic and diastolic function. Further investigation demonstrated that all three arms of UPR and the ER stress-associated apoptosis pathways were activated in the myocardium of IHD pigs, and enhanced myocardial apoptosis was observed in the ischemic myocardium. However, restoration of SERCA2a expression reversed the activation of UPR and the ER stress-associated apoptosis pathways and attenuated myocardial apoptosis in IHD pigs, suggesting that the beneficial effects of SERCA2a gene transfer to IHD myocardium are associated with the reduction of ER stress-related myocardial apoptosis.
Abnormal calcium handling associated with a decrease in the expression and activity of SERCA2a is suggested to be one of the key abnormalities in a variety of cardiovascular disorders, including heart failure, acute myocardial ischemia and ischemia/perfusion, and chronic myocardial ischemia (3, 29, 32) . A large number of studies in isolated cardiomyocytes and animal models of heart failure showed that restoring SERCA2a expression by gene transfer corrects the contractile dysfunction and energetic and electrical remodeling (29, 32) . After a long line of investigation, two clinical trials are underway using rAAV-SERCA2a to restore SERCA2a expression in patients with heart failure (33) . However, the effects of SERCA2a gene delivery on IHD are still unknown. In this study, with ameroid constrictor-induced progressive occlusion of the LAD coronary artery, we made a chronic ischemic heart disease model in large animals to examine the effects of SERCA2a gene transfer. The results showed that intramyocardial injection of rAAV1 can lead to the efficient local gene delivery in a patchy pattern, with the highest level in the area of the injection sites, as indicated by EGFP fluorescence (data not shown), (consistent with our previous study in dogs with the same vectors [31] ). Restoration of SERCA2a expression significantly improved the regional myocardial contractile function and wall thickness in the ischemic area and the overall cardiac systolic and diastolic function, indicating pro-hypertrophy may involve in the beneficial effects of SERCA2a. However, the heart weight/body weight (HW/BW) was not significantly different among the three groups 8 wks after gene delivery (data not shown), and perhaps more animals and longer observational periods are needed to show the difference. Recent evidence suggests that SERCA2a gene transfer increases the expression and activity of the endothelial isoform of nitric oxide synthase (eNOS) and improves vascular activity and coronary flow in the setting of mitral regurgitation-induced heart failure (34) . We went on to examine the effects of SERCA2a gene transfer on regional myocardial perfusion. However, no significant improvement of myocardial perfusion could be detected by 99m Tc-MIBI SPECT at 8 wks after gene delivery. Because the LAD coronary artery in our model was occluded eventually, it was not a surprise to find that even if SERCA2a gene transfer could potentially improve the vascular activity, little beneficial effects could be detected on the regional myocardial perfusion.
It has been suggested that apoptosis plays an important role in the pathogenesis of IHD (35, 36) . Ischemia induces myocardial apoptosis, which causes the loss of cardiomyocytes, leading to the impairment of cardiac systolic and dias- A few studies demonstrated that ischemia, along with deprivation of oxygen, nutrition and energy supply, led to the activation of UPRand ER stress-associated pathways in cultured cardiomyocytes or different animal models (23) (24) (25) . In this study, we found that apoptosis was significantly enhanced in the ischemic myocardium, and the three arms of the UPR pathway mediated by the three transmembrane receptors, namely PERK, ATF6 and IRE1, were also activated as shown by the detection of their target molecules (37) . We detected marked induction of XBP1 protein, a marker for the coordinated action of active ATF6 and IRE1 in the ischemic myocardium, suggesting the activation of these two branches. The PERK branch was also activated because the expression of phosphorylated eIF2α and subsequent ATF4 proteins were also enhanced. Additionally, GRP78, the central regulator of ER function and the master modulator for the UPR network by binding to the above three ER stress sensors, were also induced in the ischemic myocardium.
Although the UPR is primarily an adaptive response, if the stress persists, the ER stress receptors can also trigger pro-apoptotic pathways to initiate cell death (18) . CHOP, caspase-12 and JNK are three well-defined apoptotic pathways related to ER stress. In our study, these apoptotic pathways were activated in the myocardium of IHD models, as shown by the induction of CHOP and cleaved caspase-12 proteins and enhanced phosphorylation of JNKs. The CHOP protein belongs to the C/EBP family of transcription factors, and it is transcriptionally induced during the development of ER stress by ATF6, PERK and IRE1 signaling (38, 39) . Our results are consistent with the earlier findings that showed that CHOP sensitized the cells to ER stress-induced apoptosis via downregulation of Bcl-2 expression (40,41). Caspase-12-mediated apoptosis was a specific apoptotic pathway of ER, and apoptosis that occurred as a result of membrane-or mitochondrial-targeted signals did not activate it (42) . Cleaved caspase-12 reportedly activates caspase-9, followed by activation of caspase-3 (43) . JNKs were activated during ER stress through phosphorylation mediated by the formation of the IRE1-tumor necrosis factor receptor-associated factor 2-apoptosis signal-regulating kinase 1 complex (44) . Activation of JNKs is a common response to many forms of stress and is known to influence the cell-death machinery through the regulation of BCL2 family proteins (45) . In our study, the above apoptotic pathways were all activated with the enhanced myocardial apoptosis, suggesting ER stress-associated apoptosis may be involved in the pathogenesis of IHD.
Interestingly, we found that SERCA2a gene delivery reversed the activation of the above UPR-and ER stress-related apoptotic pathways, with significant attenuation of apoptosis in the ischemic myocardium. These results suggested that the beneficial effects of SERCA2a gene transfer on IHD maybe involved the attenuation of ER stress-associated myocardial apoptosis. It has been reported that the expression and activity of SERCA2b, the other spliced protein of the SERCA2 gene, could be induced by the UPR pathway in the PC12 cell line during ER stress (26, 27) . In the cardiomyocytes, SERCA2a expression could be upregulated as a potential physiologically important compensatory mechanism by ATF6 in response to sarcoplasmic reticulum calcium depletion-induced ER stress (28) . In our study, although the ATF6 branch of UPR was activated, we did not find an increased SERCA2a protein level in the IHD+EGFP group. This is not surprising, mainly because ischemia is a more complex pathophysiological process compared with in vitro sarcoplasmic reticulum calcium depletion, and many other mechanisms may affect SERCA2 expression besides the activation of ATF6. However, previous evidence suggests that SERCA2a protein may be an ER stress-induced protein, which may contribute to the restoration of ER calcium homeostasis to attenuate ER stress. Considering its important role in calcium uptake to the ER, it is likely that intra myocardial delivery of SERCA2a in our IHD model restored the ER calcium homeostasis and potentially attenuated ER stress-associated myocardial apoptosis. Further studies are needed to detect the direct connection of cellular calcium disturbance and ER stress-associated apoptosis, and the mechanisms and signal pathways involved in the beneficial effects of SERCA2a gene transfer in this setting are to be investigated.
Although the effects of SERCA2a gene transfer on the other apoptotic pathways still need to be determined, it can be concluded on the basis of our study that SERCA2a gene delivery in the myocardium of the porcine IHD model improves the regional myocardium function and overall cardiac systolic and diastolic function. The beneficial effects of SERCA2a to ischemic myocardium may involve the attenuation of ER stress-associated myocardial apoptosis.
Our findings suggest the potential value of SERCA2a gene delivery as a treatment of chronic ischemic heart disease. Further studies are needed to determine the dose and time effects and the safety of rAAV1-SERCA2a gene transfer on ischemic heart disease.
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